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Summary
Rhythmic cardiac contractions depend on the orga-
nized propagation of depolarizing and repolarizing
wavefronts. Repolarization is spatially heterogeneous*Correspondence: p.backx@utoronto.ca (P.H.B.); bbruneau@
sickkids.ca (B.G.B.)
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California, San Francisco, San Francisco, California 94143.
16 Present address: Gladstone Institute of Cardiovascular Disease,
San Francisco, California 94158.and depends largely on gradients of potassium cur-
rents. Gradient disruption in heart disease may un-
derlie susceptibility to fatal arrhythmias, but it is not
known how this gradient is established. We show
that, in mice lacking the homeodomain transcription
factor Irx5, the cardiac repolarization gradient is abol-
ished due to increased Kv4.2 potassium-channel ex-
pression in endocardial myocardium, resulting in a
selective increase of the major cardiac repolarization
current, Ito,f, and increased susceptibility to arrhyth-
mias. Myocardial Irx5 is expressed in a gradient oppo-
site that of Kv4.2, and Irx5 represses Kv4.2 expression
by recruiting mBop, a cardiac transcriptional repres-
sor. Thus, an Irx5 repressor gradient negatively regu-
lates potassium-channel-gene expression in the heart,
forming an inverse Ito,f gradient that ensures coordi-
nated cardiac repolarization while also preventing ar-
rhythmias.
Introduction
Patterning of cardiac-gene expression underlies normal
heart development. For example, longitudinal pat-
terning along the anteroposterior axis of the heart es-
tablishes the distinctions between atrial and ventricular
chambers, while concentric patterning within chambers
establishes transmural cardiac growth and gene-expres-
sion gradients (Bruneau, 2002; Habets et al., 2003). An
important gene-expression gradient is that which de-
fines the cardiac repolarization gradient (Antzelevitch,
2004; Nerbonne and Guo, 2002; Oudit et al., 2001). Fol-
lowing depolarization and ventricular contraction, repo-
larization initiates cardiac relaxation. In all mammals,
ventricular repolarization proceeds in a synchronized
wave advancing from the base of the heart to its apex
and from epicardial to endocardial myocardium, which
is believed to ensure efficient pump function and main-
tain an arrhythmia-free heart. However, neither how the
repolarization gradient is established nor its precise
role in modulating the incidence of arrhythmias is
known.
For the orderly sequence of repolarization to occur,
endocardial myocytes must have longer action-poten-
tial durations (APDs) than epicardial cardiac myocytes.
This is primarily achieved through differences in the
rates of repolarization, and, in several mammalian spe-
cies, this is linked to regional differences in density of
the fast component of the transient outward current,
Ito,f (Nerbonne and Guo, 2002; Oudit et al., 2001). The
highest density of Ito,f is seen in epicardial myocytes,
whereas the lowest density is observed in endocardial
myocytes (Figure 1). Ito,f is formed by the heterotetra-
meric assembly of pore-forming α subunits, Kv4.2 and
Kv4.3, in association with accessory (β) subunits such
as KChIP2 or frequenin/NCS-1 (Brunet et al., 2004; Guo
et al., 2002b; Shibata et al., 2003). In small rodents such
as mice and rats, regional heterogeneity of Ito,f in ventri-
cles parallels that of Kv4.2 (Brunet et al., 2004; Guo et
al., 2002a; Wickenden et al., 1999a) and possibly K 4.3v
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348Figure 1. Repolarization Gradients in the
Mammalian Heart
The gradient of density of Ito,f and Kv4.2 pro-
tein is shown as red dots on a diagram of
the heart. Examples of outward currents and
action potential resulting from the high Ito,f/
Kv4.2 in epicardial myocardium and low Ito,f/
Kv4.2 in endocardial and septal myocardium
are shown. See text for details.(Kaprielian et al., 2002; Wickenden et al., 1999a). In
larger mammals such as human and dog, Kv4.3 is the
predominant Ito,f-encoding α subunit in the heart (Ner-
bonne and Guo, 2002; Oudit et al., 2001), and a gradient
of KChIP2 may be related to the graded expression of
Ito,f (Deschenes et al., 2002; Rosati et al., 2003). These
observations suggest that spatial patterning of Ito,f is
tightly regulated in mammalian cardiac myocytes. How-
ever, very little is known about the transcriptional regu-
lation of the Ito,f components.
Ito,f downregulation and altered heterogeneity of re-
polarization are hallmark features of diseased myocar-
dium in humans (Antzelevitch, 2004; Kaab et al., 1998;
Nerbonne and Guo, 2002), as well as small-animal
models (Kaprielian et al., 2002). While increases in the
dispersion of repolarization are linked to increased
susceptibility to ventricular and atrial fibrillation (Antzel-
evitch, 2004; Tomaselli and Zipes, 2004), disruption of
Ito,f gradients may create substrates for local reentry
(Guo et al., 2000; Kuo et al., 2001). For example, mice
deficient in Ito due to the loss of KChIP2 or to a domi-
nant-negative Kv4.2 transgene show a complete loss of
heterogeneity of repolarization and become suscepti-
ble to the induction of polymorphic ventricular tachy-
cardia (Guo et al., 2000; Kuo et al., 2001), although loss
of current does not directly prove a requirement for a
current gradient per se. Since ventricular tachycardia
can be lethal by directly impairing pump function or by
inducing ventricular fibrillation, further understanding
the basis for regional heterogeneity of repolarization is
clearly of physiological and pathophysiological interest.
Cardiac patterning is accomplished largely via tran-
scription factors expressed in specific compartments
of the developing heart (Bruneau, 2002; Habets et al.,
2003). The Iroquois homeobox (Irx) genes encode a
conserved family of transcription factors that specify
the identity of diverse territories of the body in most
metazoans by establishing proper spatial and temporal
patterns of target genes (Cavodeassi et al., 2001). They
encode proteins with a conserved homeodomain of the
three-amino acid length extension (TALE) superclass
and a conserved 13 amino acid-residue motif, the Iro
box, which is unique to the family (Burglin, 1997). Mam-
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2malian Irx genes show overlapping expression patternsn the developing central nervous system, limbs, heart,
nd skin, and all six Irx genes display specific expres-
ion patterns in the developing heart (Bruneau et al.,
000, 2001a; Christoffels et al., 2000; Cohen et al.,
000; Mummenhoff et al., 2001). To date, only Irx4 has
een shown to have a role in heart development (Bao
t al., 1999; Bruneau et al., 2001a; Lebel et al., 2003).
In the present study, we show that, in Irx5-deficient
ice, the cardiac repolarization gradient is flattened
ue to increased Kv4.2 potassium-channel expression
n endocardial myocardium, resulting in a selective in-
rease of Ito,f and susceptibility to arrhythmias. Myocar-
ial Irx5 is expressed in an endocardial-to-epicardial
radient in mouse and dog, and Irx5 can repress ex-
ression of the gene encoding Kv4.2 (Kcnd2) via recruit-
ent of the cardiac transcriptional repressor mBop.
hus, a repressor gradient of Irx5 negatively regulates
otassium-channel-gene expression in the heart, form-
ng an inverse Ito,f gradient that ensures coordinated
ardiac repolarization. This suggests a novel mecha-
ism for the patterning of gene expression in the de-
eloping heart and shows a requirement for the cardiac
epolarization gradient to reduce the risk of arrhythmia.
esults
lectrophysiological Defects in Irx5-Deficient Mice
ice homozygous for a targeted deletion of Irx5 are
iable and fertile but have defects in differentiation of
etinal cone bipolar cells and are slightly smaller than
heir wild-type counterparts (Cheng et al., 2005). To
dentify a potential role for Irx5 in cardiac form or func-
ion, 8-week-old Irx5+/+, Irx5+/−, and Irx5−/− mice were
xamined by histology and in vivo echocardiography
nd hemodynamics, which revealed no abnormalities.
owever, signal-averaged surface electrocardiography
SAECG, data not shown) and in vivo telemetric electro-
ardiography in awake, free-moving mice (Figure 2A)
evealed that, while heart rate, PR interval, and QRS
uration were not affected in Irx5−/− hearts, there was
significantly decreased amplitude of electrical signals
hat correlate to ventricular repolarization (Danik et al.,
002; Liu et al., 2004), which we refer to as the T wave.This was apparent on leads I and II of the SAECG. The
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349Figure 2. Absent T Wave and Inducible Arrhythmias in Irx5−/− Mice
(A) Representative ECGs in the lead II configuration recorded from awake, free-moving mice with the use of telemetric monitoring. Wild-type
mice (+/+) show pronounced downward T wave deflections (arrows). No T waves are evident in ECG recordings of Irx5−/− mice (−/−).
(B) Quantitation of T wave amplitude (mean ± SEM). n = 6–8; *p < 0.01.
(C and D) Representative intracardiac ECG (IECG, red) and surface ECG (SECG, black) in the lead II configuration obtained from wild-type
(Irx5+/+) and Irx5−/− mice.
(C) Programmed ventricular stimulation at the right ventricular apex using two extra stimuli (“S2S3”) induced episodes of ventricular tachycar-
dia (VT) in Irx5−/− mice, whereas no VTs could be induced in wild-type animals.
(D) Rapid overdrive pacing in Irx5−/− mice also induced VTs of long duration.absolute T wave amplitudes (Tamp) were measured from
the isoelectric point to the most negative point of the T
wave, showing that the T wave remained isoelectric in
adult Irx5−/− mice, whereas a pronounced downward T
wave deflection was identified in wild-type littermates
(Figures 2A and 2B). In the mouse, activation and repo-
larization follow a pattern similar to that in larger mam-
mals (Liu et al., 2004). The inverted T wave in mice is
the summation of vectors reflecting short (8 ms) differ-
ences in transmural action-potential durations in the
mouse heart (Liu et al., 2004), whereas positive T waves
in larger mammals may reflect larger voltage gradients
on either side of the M cells during repolarization (Yan
and Antzelevitch, 1998). The change in the T wave seg-
ment of the ECG suggested a defect in cardiac repolar-
ization in Irx5−/− mice.
Irx5−/− Mice Are Susceptible to Inducible Arrhythmia
Defects in repolarization often result in a predisposition
to arrhythmias (Antzelevitch, 2004; Guo et al., 2000;
Kuo et al., 2001). As no spontaneous arrhythmias or
sudden deaths were observed during 48 hr telemetry
recordings, intracardiac programmed stimulation was
conducted to determine the susceptibility of Irx5−/−
mice to arrhythmia induction. Ventricular effective re-
fractory periods were shorter in Irx5−/− mice (38 ± 5 ms,
n = 7) compared to wt mice (59 ± 6 ms, n = 6, p < 0.001).Using a protocol in which two to four extra stimuli were
applied at the end of a train of eight paced beats to the
apex of the right ventricle, ventricular tachycardia (VT)
could be reproducibly induced (>10 episodes) in 3 of 7
Irx5−/− mice but in none of 6 wild-type controls (Figure
2C). In Irx5−/− mice, induced VTs had a mean length of
21 beats (range 19–30 beats) and duration of 926 ms
(range 810–1218 ms). With overdrive pacing, in which
continuous rapid pacing is applied, VT was induced in
4 of 7 Irx5−/− mice, the longest lasting for 180 beats
over 14 s (Figure 2D), but in none of the wild-type con-
trols. The propensity for arrhythmias does not seem to
correlate with any other measured parameter. There-
fore, Irx5−/− mice are highly susceptible to inducible
tachyarrhythmia. Similar to humans with genetic muta-
tions that predispose to arrhythmia in only some cases
(Roberts and Brugada, 2003), differences in genetic
background or stochastic events may confer arrhyth-
mia inducibility to some Irx5−/− mice but not others.
Shorter Action-Potential Duration in Irx5−/−
Endocardial Myocytes
Since alterations in T wave configuration typically re-
flect regional heterogeneity in the timing of ventricular
repolarization, action potentials (APs) were recorded
using whole-cell current-clamp techniques in epicardial
myocytes isolated from the apical region of the outer
Cell
350left ventricle (LV) free wall or endocardial myocytes iso-
lated from the base of the interventricular septum. As
expected, AP durations (APDs) assessed at 25%, 50%,
and 90% repolarization (APD25, APD50, and APD90)
were longer in endocardial myocytes compared to epi-
cardial myocytes derived from wild-type mice (Figures
3A and 3B). Remarkably, APD25, APD50, and APD90 of
endocardial myocytes from Irx5−/− mice were abbrevi-
ated compared to wild-type endocardial myocytes (p <
0.05) and were not different from those measured in
epicardial myocytes from Irx5−/− or wild-type mice (Fig-
ures 3A and 3B). Wild-type and Irx5−/− myocytes had
similar resting membrane potentials and AP amplitudes
(data not shown). These results establish that electrical
heterogeneity of repolarization is selectively abolished
in the Irx5−/− hearts, consistent with the observed
ECG changes.
Loss of the Ventricular Transmural Gradient
of Ito in Irx5−/− Mice
Alterations in repolarization are primarily determined by
changes in K+-channel expression and function (Ner-
bonne and Guo, 2002; Oudit et al., 2001). To assess the
impact of Irx5 deficiency on K+-current density, whole-
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4Figure 3. Shortened Endocardial Action Potentials in Irx5−/− Cardio-
myocytes
(A) Representative action-potential traces from Irx5+/+ and Irx5−/−
cardiomyocytes from epicardium and endocardium. Irx5−/− endo-
cardial cardiomyocytes demonstrate a shortening of the action po-
tential (arrows).
(B) Mean action-potential durations (APD) measured at 25%, 50%,
and 90% repolarization following complete depolarization. n =
6–14, *p < 0.05. Scale bars: 20 mV, 25 ms. Data are mean ± SEM.
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mcell patch-clamp experiments were conducted on epi-ardial myocytes from LV apex and endocardial myo-
ytes from the interventricular septal base. Figure 4A
hows representative outward K+-current waveforms in
picardial and endocardial myocytes isolated from
ild-type and Irx5−/− hearts, with Ca2+ and Na+ currents
locked, recorded following depolarizing steps from
40 mV. Corresponding peak current-voltage relation-
hips are shown in Figure 4B. In mouse ventricle, the
ecaying phase of the outward K+ currents can be used
o identify four overlapping currents with distinct kinet-
cs: rapidly inactivating transient outward K+ currents
Ito), two slowly inactivating K+ currents (Ik,slow1 and
k,slow2), and sustained noninactivating currents (Iss)
Brunet et al., 2004; Xu et al., 1999). As shown in Figure
C, no measurable differences in densities of Ik,slow1,
k,slow2, or Iss were observed between epicardial and en-
ocardial myocytes in either wild-type or Irx5−/− mice,
emonstrating that these currents do not contribute to
ifferences in APD and repolarization properties (Ner-
onne and Guo, 2002; Oudit et al., 2001). On the other
and, Ito density measured following depolarization to
60 mV (Figures 4B and 4C) and maximal Ito conduc-
ance (Gto,max, Figure 4D) were greater (p < 0.05) in epi-
ardial myocytes than endocardial cells of wild-type
ice, consistent with previous work (Brunet et al.,
004; Xu et al., 1999). By contrast, Ito density and
to,max in endocardial myocytes from Irx5−/− mice were
ignificantly elevated relative to wild-type endocardial
yocytes, resulting in values that were not different
rom epicardial myocytes from either Irx5−/− or wild-
ype hearts (Figures 4B–4D). The Ito gradient was also
pparent in myocytes isolated from the epicardial and
ndocardial layers of the LV free wall, and this gradient
as also lost in Irx5−/− mice (Figure 4F). Therefore, loss
f Irx5 leads to pronounced and specific increases of Ito
n the endocardial myocardium, effectively conferring
picardial myocardium properties to the endocardial
yocardium.
Despite differences in Ito density and Gto,max, the acti-
ation-gating properties of Ito were identical among
roups, as assessed from estimates of the voltages re-
uired for Ito to reach 50% of the maximal conductance
V1/2, data not shown). While this suggests that Ito cur-
ents are identical between the different groups, previ-
us studies have established that Ito can originate from
wo distinct currents, Ito,fast (Ito,f) and Ito,slow (Ito,s) (Oudit
t al., 2001). Ito,f channels are expressed in most myo-
ytes of the LV and recover quickly from inactivation,
hile Ito,s is found primarily in the ventricular septum
nd recovers 100-fold more slowly than Ito,f (Brunet et
l., 2004; Guo et al., 1999; Xu et al., 1999). To determine
hether disruption of the Ito gradient in Irx5−/− was re-
ated to changes in Ito,f or Ito,s, we examined the recov-
ry-from-inactivation properties for Ito (see Figure S1 in
he Supplemental Data available with this article on-
ine). As expected, Ito recovery in epicardial myocytes
as dominated by a similar single rapid component.
n endocardial myocytes, recovery of Ito was biphasic,
onsistent with the existence of both Ito,f and Ito,s. Im-
ortantly, the amplitude of the fast component associ-
ted with Ito,f was about 2-fold larger (p < 0.01) in endo-
ardial myocytes from Irx5−/− versus wild-type hearts,
hile the slow Ito,s component was not different (Figure
E). Time constants were identical in wild-type andIrx5−/− mice (data not shown). We conclude that Irx5−/−
Irx5 Establishes the Cardiac Repolarization Gradient
351Figure 4. The Transmural Gradient of Ito Is Eliminated in Irx5−/− Cardiomyocytes
(A) Whole-cell outward K+ currents were recorded from wild-type (+/+) and Irx5−/− (−/−) cardiomyocytes from epicardial (LV apex) and endocar-
dial (septum) regions of the heart.
(B) Mean ± SEM normalized peak Ito amplitudes are plotted as a function of test pulse (top, epicardium; bottom, endocardium).
(C) Normalized current densities (pA/pF) for Ito, Ik,slow1, Ik,slow2, and Iss measured at +60 mV.
(D) Maximum current-conductance values for Ito (Gmax).
(E) Normalized current densities (pA/pF) for Ito,f and Ito,s measured at +60 mV.
(F) Normalized current densities (pA/pF) for Ito measured in myocytes isolated from LV free wall epicardium or endocardium at +60 mV. For
all, n = 6–14, *p < 0.05. Scale bars: 5 nA, 500 ms. Data are mean ± SEM.mice show a selective increase of Ito,f in endocardial
myocytes, thus flattening the ventricular repolarization
gradient.
Kv4.2  Subunits Are Increased
in Irx5−/− Endocardium
Mouse I channels reflect the heteromeric assemblyto,f
of Kv4.2 and Kv4.3 α subunits and accessory β subunitssuch as KChIP2 (Guo et al., 2002a; Shibata et al., 2003).
Kv1.5, in turn, underlies Ik,slow1 and has been suggested
to demonstrate regional differences in expression in the
mouse heart (Brunet et al., 2004; Xu et al., 1999). As
expected from the electrophysiological data, Kv4.2
levels were significantly (p < 0.05) higher in epicardial
versus endocardial myocardium in wild-type mice and
were increased in endocardial myocardium of Irx5−/−
Cell
352mice, comparable to epicardial levels (Figures 5A and
5B). There were no significant regional differences in
the mean relative densities of Kv4.3 or Kv1.5 in wild-
type or Irx5−/− hearts (Figures 4A and 4B). There was
also a marked increase (p < 0.05) in the levels of Kcnd2
mRNA (encoding Kv4.2) in Irx5−/− endocardial myocar-
dium, as well as a slight increase in Kcna5 mRNA (Fig-
ure 4C). These results confirm that Kv4.2 determines
the transmural gradient of Ito,f expression in the mouse
heart and demonstrate that transcriptional upregulation
of Kcnd2 in Irx5−/− mice results in increased expression
of Kv4.2-encoding ion channels and larger density of
Ito,f in the endocardial myocardium, thereby eliminating
heterogeneity of repolarization.
Inverse Gradients of Irx5 and Kv4.2 across
the Ventricular Wall
Transverse sections of E14.5 and E16.5 embryos were
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the Endocardium of Irx5−/− Mice
(A) Representative Western blots, using spe-
cific anti-Kv4.2, anti-Kv4.3, and anti-Kv1.5
antibodies.
(B) Quantitation of Western blot analyses
shows increased Kv4.2 protein in Irx5−/− en-
docardial myocardium.
(C) Relative expression of Kcnd2, Kcnd3,
Kcna5, and Kcnip2 in the hearts of wild-type
and Irx5−/− mice assessed by quantitative
real-time RT-PCR. mRNA levels (mean ±
SEM) are relative to average wild-type epi-
cardial values; n = 6–8, *p < 0.05 Irx5+/+ en-
docardial myocardium (Endo) compared with
Irx5+/+ epicardial myocardium (Epi), **p <
0.05 Irx5−/− Endo compared with Irx5+/+
Endo. Data are mean ± SEM.incubated with a polyclonal antibody specific to thearboxyl terminus of the Irx5 peptide sequence. Irx5
mmunoreactivity was clearly evident in the lungs and
eart, showing predominant distribution throughout the
nterventricular septum and endocardial myocardium of
he LV (Figures 6A, 6B, 6D, and 6E). Irx5−/− embryos
howed only background staining and autofluores-
ence from red blood cells (Figures 6C and 6F). In adult
entricular sections, robust expression of Irx5 was pre-
ominantly observed in the septum and endocardial
yocardium of the LV in wild-type hearts (Figures 6G,
I, and 6M). Thus, these results demonstrate a gradient
f Irx5 in the mouse heart, with predominant expression
n septum and endocardial myocardium and lower ex-
ression in epicardial myocardium. We could not detect
n apex-to-base gradient, suggesting that either Irx5
nly regulates transmural gradients or the gradient is
oo shallow to detect. Western blots of fractionated
roteins from adult mouse hearts confirmed the pre-dominant expression of Irx5 in endocardial regions and
Irx5 Establishes the Cardiac Repolarization Gradient
353Figure 6. Inverse Gradients of Irx5 and Kv4.2
in the Mouse Heart
(A–F) Immunohistochemistry for Irx5 at E14.5
(A and B) and E16.5 (D and E). Regions in
(A) and (D) are magnified in (B) and (E). Only
background staining is apparent in Irx5−/−
embryos (C and F). lv, left ventricle; rv, right
ventricle.
(G and H) Irx5 (G) and Kv4.2 (H) expression
in adult myocardium.
(I) Images in (G) and (H) were pseudocolored
green and red, respectively, and digitally
merged.
(J) Western blot showing Irx5 expression in
nuclear extract from epicardial myocardium
(lane 1), endocardial myocardium (lane 2),
isolated myocytes from epicardial myocar-
dium (lane 3), isolated myocytes from endo-
cardial myocardium (lane 4), isolated neona-
tal myocytes (lane 5), isolated myocytes
from Irx5−/− epicardial myocardium (lane 6),
and isolated myocytes from Irx5−/− endocar-
dial myocardium (lane 7). GAPDH is shown
as loading control.
(K) Quantitation of Irx5 Western blot; n = 3,
*p < 0.05.
(L) Relative expression of Irx5 mRNA in dog
heart; n = 5, *p < 0.05. Data are mean ± SEM.
(M) Immunoreactivity of Irx5 and Kv4.2 in the
ventricles of adult wild-type (+/+) and Irx5−/−
mice (−/−).lower expression in epicardial myocardium (Figures 6J
and 6K). Irx5 was detected in fractionated nuclear pro-
teins from isolated ventricular cardiomyocytes (Figure
6J), suggesting that Irx5 functions directly within
cardiac myocytes. As the components of Ito, especially
those that form the gradient, are not completely con-
served between mouse and larger mammals, we
wished to determine whether the gradient of Irx5 was
conserved. Irx5 mRNA levels in dog myocardium re-
vealed a clear endocardial-to-epicardial gradient of Irx5
transcript (Figure 6L), similar to that of the mouse.
Parallel tissue sections of adult wild-type and Irx5−/−
ventricles were also stained using an antibody to Kv4.2.
In wild-type hearts, Kv4.2 immunoreactivity was ex-
pressed in a steep gradient across the left ventricular
free wall and was of low abundance in the endocardial
myocardium and interventricular septum (Figures 6H
and 6M). Thus, the expression of Kv4.2 is a mirror image
of Irx5 protein distribution. Consistent with the Western
blot and RT-PCR results, in Irx5−/− ventricular sections,homogeneous Kv4.2 immunoreactivity was detected
throughout the entire ventricular myocardium, reflect-
ing increased expression in endocardial myocardium
(Figure 6M). Therefore, an endocardial-epicardial gradi-
ent of Irx5 inversely correlates with the epicardial-endo-
cardial gradient of Kv4.2.
Irx5 Represses Kcnd2, the Gene Encoding Kv4.2
Irx5 is expressed in cardiac myocytes and therefore
may act directly on Kcnd2 in these cells. Irx proteins
act mainly as transcriptional repressors (Gomez-Skar-
meta et al., 2001; Itoh et al., 2002; Kudoh and Dawid,
2001; Matsumoto et al., 2004) and occasionally as acti-
vators (Bao et al., 1999; Matsumoto et al., 2004). Thus,
Irx5 may act to repress Kcnd2 in endocardial myocytes.
To test this possibility, we examine the function of Irx5
on the rat Kcnd2 promoter, which shares a high degree
of homology with mouse and human Kcnd2 (Jia and
Takimoto, 2003). We cotransfected isolated neonatal
mouse cardiomyocytes with Kcnd2 reporter constructs
Cell
354and with an Irx5 expression construct. Consistent with
the hypothesis that graded levels of Irx5 regulate the
Kcnd2 gradient, increasing amounts of Irx5 dose-
dependently repressed Kcnd2-luciferase activity (Fig-
ure 7A). In contrast, Irx5 activated Kcnd2-luciferase in
noncardiac COS7 and 10T1/2 cells (Figures 7B and 7D).
There is currently no known consensus Irx binding site,
and therefore we cannot determine whether Irx5 binds
directly or indirectly to the Kcnd2 promoter. We con-
clude that Irx5 can dose-dependently repress the activ-
ity of the Kcnd2 promoter and hypothesized that Irx5
repressor activity in cardiac myocytes requires a
cardiac-specific corepressor protein.
Irx5 Can Interact with mBop, a Cardiac Corepressor,
to Repress Kcnd2
In a screen to identify cardiac transcription factors that
interact with the MYND- and SET-domain muscle-
restricted transcriptional repressor mBop (Gottlieb et
al., 2002), we identified Irx4 as a strong interacting part-
ner (C.Y.P. and D.S., unpublished data). Based on the
high degree of similarity between Irx4 and Irx5, we hy-
pothesized that Irx5 would also interact with mBop.
Coimmunoprecipitation assays in COS7 cells demon-
strated that both Irx4 and Irx5 interact with mBop (Fig-
ure 7C). Coexpression of mBop in 10T1/2 cells resulted
in a marked abrogation of the Irx5-dependent activa-
tion of Kcnd2-luciferase (Figure 7D). As mBop-medi-
ated repression is thought to rely on recruitment of his-
tone deacetylases (HDACs) (Gottlieb et al., 2002), we
examined whether the Bop-mediated repressive effect
occurred via HDACs by using the HDAC inhibitor
trichostatin A (TSA). Addition of TSA relieved the inhibi-
tion by mBop of activation by Irx5 (Figure 7E). Struc-
ture-function analysis of Irx5 (Figures 7F–7H) demon-
strated that deletion of the homeodomain (Irx5HD) or
all residues following the homeodomain (Irx5C1) pre-
vented activation by Irx5, while removal of the 153
C-terminal residues (Irx5C2), which include the con-
served Iro box (Burglin, 1997), did not affect activation
but prevented repression of activation by mBop. All
mutants localized to the nucleus, although Irx5HD
nuclear localization was impaired (Figure S2). Consis-
tent with these observations, mBop interacted only
weakly or not at all with C-terminal-deletion forms of Irx5
(Figure 7H). Knockdown of mBop mRNA by RNA interfer-
ence in cardiomyocytes slightly decreased expression of
Kcnd2-luciferase and, importantly, eliminated the ability
of exogenous Irx5 to repress Kcnd2-luciferase (Figure 7I),
indicating that endogenous mBop may be a critical factor
for the repressive actions of Irx5. These results demon-
strate that Irx5 can repress Kcnd2, and this is likely to
occur via interaction with mBop and the recruitment of
HDACs, although other proteins may also be involved
in the repressive actions of Irx5. This provides a novel
mechanism by which Irx transcription factors exert re-
pressive effects during development (Figure 7J).
Discussion
Our results demonstrate that a repressor gradient of
Irx5 is essential for regulating cardiac K+-channel-gene
expression, forming an inverse I gradient and ensur-
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hto,fng the concordant propagation of repolarization in the
entricular myocardium. These findings demonstrate
he importance of an epicardial-to-endocardial repolar-
zation gradient in prevention of potentially lethal ven-
ricular tachycardia. This may have relevance to pa-
ients with heart disease associated with gradient
isruption, who are recognized as being at high risk of
udden cardiac death.
rx5 and the Ito,f Gradient
he electrophysiological composition of the ventricular
yocardium is largely heterogeneous due to the ex-
ression of distinct cardiac ion channels. Heterologous
xpression of Kv4.2-, Kv4.3-, and Kv1.4-channel pro-
eins, for example, has been shown to produce currents
ith biophysical properties resembling, to varying ex-
ents, Ito measured in myocytes, indicating that they are
ikely the primary correlates of cardiac transient out-
ard K+ currents (Nerbonne and Guo, 2002; Oudit et
l., 2001). Manipulating the expression of putative K+-
hannel genes in vivo has also allowed a better under-
tanding of their role in generating contribution to
ardiac Ito,f and Ito,s. For example, overexpression of
ominant-negative Kv4.2 α subunits attenuates Ito,f
Barry et al., 1998; Wickenden et al., 1999b), while the
oss of the β subunit KChIP2, which is required for tetra-
eric channel assembly (Guo et al., 2002a; Shibata et
l., 2003), abolishes Ito (Kuo et al., 2001). The present
tudy reveals a substantial increase in the functional
xpression of Ito,f in endocardial myocytes of Irx5−/−
ice, in conjunction with a selective and coordinated
pregulation of Kv4.2 mRNA and protein levels in endo-
ardial myocardium. This provides conclusive evidence
hat Kv4.2 is a major component of mouse Ito,f and that
v4.2 gradients are responsible for the Ito,f gradient in
he mouse heart. Since we did not detect regional dif-
erences in the levels of other K+ currents, our findings
upport the notion that the primary determinant of re-
ional heterogeneity of repolarization and peak out-
ard K+ currents in mouse ventricular myocytes is the
ifferential expression of Ito,f.
As in mouse, a Kcnd2 mRNA gradient exists in rat
entricles that parallels the transmural gradient of Ito,f
Wickenden et al., 1999a). However, it should be noted
hat the formation of the transmural gradient of Ito,f is
ot entirely conserved between mammals. For exam-
le, in contrast to mouse and rat, Kcnd2 is not ex-
ressed in canine or human myocardium (Nerbonne
nd Guo, 2002; Oudit et al., 2001). Instead, in larger
ammals, a transcriptional gradient of Kcnip2 (encod-
ng KChIP2) across the ventricular wall is thought to be
he primary determinant that underlies the transmural
radient of Ito,f expression (Rosati et al., 2003), although
hether the Kcnip2 mRNA gradient is paralleled by a
ChIP2 protein gradient has been questioned (Deschenes
t al., 2002). Common among mammals, however, is
hat Ito,f gradients form the basis for the transmural dif-
erences in repolarization across the ventricular myo-
ardium. As in mouse, Irx5 is expressed in a gradient
n dog heart, suggesting that it may be a regulator of
epolarization gradients in larger mammals, including
umans, perhaps via other genes such as Kcnip2.
Irx5 Establishes the Cardiac Repolarization Gradient
355Figure 7. Irx5 Directly Represses the Kcnd2 Promoter
(A) Kcnd2 −1094–+592-luciferase and Kcnd2 −432–+592-luciferase (but not Kcnd2 −3162–+592-luciferase) are strongly activated in neonatal
cardiac myocytes. Addition of an Irx5 expression construct (Irx5) reduces the activity of Kcnd2 reporters. For this and all other panels: +, 100
ng; ++, 250 ng; +++, 500 ng; ++++, 1000 ng Irx5 expression construct.
(B) Irx5 activates Kcnd2-luciferase in COS cells.
(C) mBop interacts with Irx4 and Irx5. Immunoprecipitation using anti-HA antibodies followed by immunoblotting against FLAG shows that
mBop (arrow) can interact with Irx4 and Irx5.
(D) mBop prevents activation of Kcnd2 −1094–+592-luciferase by Irx5. Similar results were obtained with Kcnd2 −432–+592-luciferase.
(E) Histone deacetylase inhibition by trichostatin A (TSA) relieves the inhibition of Irx5 activity by mBop. In (D) and (E) for mBop: +, 500 ng;
++, 1000 ng expression constructs.
(F) Diagram of Irx5 proteins used in (G) and (H). HD, homeodomain; Iro, Iro box.
(G) Irx5HD or Irx5C2 no longer activates transcription, while Irx5C1 activates but is not repressed by mBop.
(H) Coimmunoprecipitations show that mBop cannot interact with Irx5C1 or Irx5C2.
(I) mBop is required for Irx5-mediated repression in cardiac myocytes. siRNAs against mBop (+, 25 ng; ++, 50 ng) reduced expression of
Kcnd2 −432–+592-luciferase and prevented Irx5-mediated repression. Data are mean ± SEM.
(J) Model for the role of Irx5; see text for details.An Inverse Repressor Gradient of Irx5 Patterns the
Kv4.2 Transmural Gradient by Recruiting mBOP
The graded transmural expression of Irx5 is necessary
for maintaining the K 4.2 ventricular gradient by sup-vpressing Kv4.2 expression in regions where Irx5 is
highly expressed. Consistent with this hypothesis, Irx5
dose-dependently inhibited the activity of a Kcnd2 pro-
moter construct in cardiac myocytes. In contrast to its
Cell
356repressor activity in cardiac myocytes, Irx5 activated
the Kcnd2 promoter construct in noncardiac cells.
Based on these observations, we hypothesized that, in
cardiac cells, Irx5 associates with a corepressor. In-
deed, we show that mBop, a cardiac corepressor
(Gottlieb et al., 2002), can associate with Irx5 and re-
press its activation of Kcnd2 in noncardiac cells. Fur-
thermore, we show that endogenous mBop is important
for the repressive activity of Irx5 in cardiac myocytes.
We propose a model (Figure 7J) whereby Irx5 acts on
the Kcnd2 promoter and locally suppresses the expres-
sion of Kv4.2 by recruiting mBop, which in turn recruits
HDACs to repress Kcnd2 transcription. The graded re-
pressive effects of Irx5 would therefore be accom-
plished by shifting the stoichiometry of transcriptional
activator and repressor complexes toward a repressive
state with increasing amounts of Irx5. Together, our
findings of an Irx5 repressor gradient via corepressor
recruitment demonstrate a novel mechanism for the
formation of cardiac transcriptional gradients.
Other members of the Iroquois gene family are ex-
pressed in the heart in unique spatiotemporal patterns,
and insights into their various roles in tissue specifica-
tion emphasize their importance for physiological
cardiac function. For example, the expression of Irx4 in
both birds and mammals is confined to the ventricles
throughout heart development, and gain-of-function
and loss-of-function studies demonstrate an essential
role for Irx4 in regulating the expression of genes to
maintain the ventricular phenotype, in part via repres-
sion (Bao et al., 1999; Bruneau et al., 2000, 2001a). As
Irx4 can also interact with mBop, it is likely that its re-
pressive actions are also mediated by this interaction
and that corepressor recruitment is a general feature of
gene regulation by Irx proteins.
Clinical Implications of Alteration
in the Repolarization Gradient
Arrhythmias are the leading cause of sudden death in
patients with heart failure or cardiomyopathies (Toma-
selli and Zipes, 2004). Altered patterns of repolarization
are important aspects of heart failure that are thought
to contribute its arrhythmogenicity (Antzelevitch, 2004;
Tomaselli and Zipes, 2004). Genetic diseases affecting
the repolarization properties of the heart, such as long
and short QT syndrome, are also important causes of
sudden death (Roberts and Brugada, 2003). In long QT
syndrome (LQTS), increased spatial dispersion of repo-
larization associated with delayed repolarization pro-
vides a substrate for triggered arrhythmia (Antzelevitch,
2004). Similarly, in short QT syndrome (SQTS), ac-
celerated repolarization contributes to the substrate for
ventricular tachycardia and sudden death (Extramiana
and Antzelevitch, 2004; Gaita et al., 2003). Although an
accurate assessment of the QT interval in Irx5−/− mice
was complicated by the absence of a well-defined T
wave, loss of Irx5 yields a remarkable gain of function
of Ito,f that reproduces the pathogenesis associated
with SQTS.
The repolarization gradient exists in all mammalian
species, and therefore must have a critical role in nor-
mal heart function. The differential expression of Ito,f
across the various cell layers of the heart ensures spa-
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aial heterogeneity of APD and refractory periods,
hereby synchronizing cardiac repolarization and en-
ancing electrical stability of the heart (Antzelevitch,
004; Nerbonne and Guo, 2002). Spatial heterogeneity
f repolarization has also been shown to assist in the
ynchronization of Ca2+ release from the sarcoplasmic
eticulum, leading to enhanced mechanical stability
nd pump efficiency (Kaprielian et al., 2002; Sah et al.,
002). Although increased heterogeneity of repolariza-
ion has been shown in larger species to be proarrhyth-
ic, in Irx5−/− mice, the loss of heterogeneity of repolar-
zation results in increased susceptibility to ventricular
achycardia. As the flattened Ito,f gradient in Irx5−/− mice
s associated with a marked abbreviation of endocar-
ial APD and refractoriness, this may demonstrate the
mportance of a prolonged refractoriness within the ven-
ricular myocardium, which serves to increase the
avelength (product of refractory period and conduc-
ion velocity) of the reentrant wave beyond the path
ength available in the mouse heart, thus preventing the
evelopment of reentry. Indeed, the ready inducibility of
ife-threatening polymorphic VT/VF in SQTS has been
ttributed in part to abbreviation of refractoriness of the
yocardium (Extramiana and Antzelevitch, 2004). Our
esults therefore suggest that the loss of the Kv4.2 gra-
ient results in an arrhythmogenic substrate and thus
eveal the importance of the repolarization gradient in
aintaining an arrhythmia-free myocardium. Knowl-
dge of the mechanisms regulating repolarization gra-
ients in the mammalian heart represent an important
tepping stone toward potential therapies for arrhyth-
ogenic substrates by targeting the Irx5/mBop/Ito,f
athway.
onclusions
e have shown that Irx5 establishes the cardiac repo-
arization gradient by its repressive actions on the Kv4.2
otassium-channel gene. The susceptibility to arrhyth-
ias in Irx5−/− mice provides compelling evidence that
he repolarization gradient per se is an important safe-
uard against reentrant arrhythmias. The gradient of
rx5 in the mouse heart is analogous to the Brinker (Brk)
radient in Drosophila, whereby graded levels of the
ranscriptional repressor Brk establish patterned gene
xpression that serves to transduce the gradient of the
orphogen Decapentaplegic (Muller et al., 2003). We
ropose that the Irx5 repressor gradient acts via core-
ressor recruitment, demonstrating a novel mechanism
or the formation of cardiac transcriptional gradients.
xperimental Procedures
nimals
rx5+/− mice, maintained on a mixed CD-1 strain background, were
enerated as described elsewhere (Cheng et al., 2005) and were inter-
rossed to generate Irx5−/− and Irx5+/+ mice. All animals were cared
or according to institutional animal-care requirements.
hysiological Measurements
chocardiography, in vivo LV physiological measurements, and
lectrophysiological analysis of adult mice (8 to 12 weeks old) were
erformed as previously described (Bruneau et al., 2001b; Mungrue
t al., 2002). In vivo electrophysiology studies were performed in
ice aged 4 to 6 months and anesthetized with sodium pentobar-
ital (0.033 mg/g i.p.) (Zhu et al., 2003). All studies were performed
nd analyzed by a blinded operator.
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357Myocyte Isolation and Electrophysiology
Ventricular myocytes were dissociated from the ventricular apex
and septal base, or from left ventricular free wall epicardium and
endocardium, from adult male mice (8 to 12 weeks old) using pro-
cedures previously developed to distinguish regional differences in
K+-current expression (Brunet et al., 2004; Xu et al., 1999). Action
potentials and K+ currents were recorded at room temperature
(20°C–23°C) with the whole-cell patch-clamp technique under cur-
rent-clamp and voltage-clamp mode, respectively (Sun et al., 2004).
A modified double-pulse protocol was used to determine the re-
covery rate of Ito from steady-state inactivation (Wickenden et al.,
1999a). The action potentials and current recordings were analyzed
using pClamp software (Clampfit 9.0, Axon). The decay phase of
outward K+ currents was rigorously fit with a triexponential function
to yield estimates of four kinetically distinct K+ currents (Ito, IK,slow1,
IK,slow2, Isus) using the AMC maximum-likelihood procedure. (Sun et
al., 2004). Monoexponential or biexponential fits were used to fit
recovery-from-inactivation data (Wickenden et al., 1999a).
Analysis of mRNA and Protein Levels
RNA was isolated from LV apex and septal base from adult (8- to
11-week-old) mice and epicardial and endocardial sections from
the LV of hearts from mongrel dogs (weighing 20–25 kg). Quantita-
tive real-time RT-PCR was performed with assay-on-demand Taq-
Man probes (Applied Biosystems): Kcnd2 (Mm00498065_m1),
Kcnd3 (Mm00498260_m1), Kcna5 (Mm00524346_s1), Kcnip2
(Mm000518914_m1), and Gapdh (rodent GAPDH control). Se-
quences for custom dog Irx5 Taqman probes were: forward primer,
5#-GCAAGGGCGACTCCGA-3#; reverse primer, 5#-CGCAGCCGC
CTTCTG-3#; TaqMan probe, 6-FAM 5#-TCCGCTCCTCCTGCTTC-3#.
Western blot analysis was performed on 80 to 100 g of nuclear or
membrane protein using rabbit polyclonal anti-Kv4.2 (1:200), anti-
Kv4.3 (1:200), anti-Kv1.5 (1:200, all from Chemicon), rabbit anti-mouse
GAPDH (1:5000, Amersham Biosciences), or anti-Irx5 antisera
(1:1500). Affinity-purified Irx5 antibodies were from rabbit poly-
clonal antisera raised against the carboxyl terminus of Irx5 fused
to GST.
Immunohistochemistry
Tissues were fixed in 4% paraformaldehyde and embedded in par-
affin. For Irx5, sections were incubated with Irx5 antiserum (1:100)
overnight at 4°C and then with an anti-rabbit secondary antibody
coupled to biotin. For Kv4.2, the Mouse-On-Mouse kit (Vector) was
used. Sections were incubated with monoclonal Kv4.2 antibodies
(K57/27, Dr. J. Trimmer) (1:10) overnight with anti-mouse IgG (H+L)
secondary antibody coupled to biotin. The Vectastain ABC-AP kit
(Vector) and the red substrate kit (Vector) were used to visualize
the signal.
Coimmunoprecipitation and Luciferase Reporter Gene Assays
Transfections of COS7 cells, 10T1/2 cells, or neonatal mouse ven-
tricular myocytes were performed as previously described (Bru-
neau et al., 2001b), using Fugene6 (Roche) or Lipofectamine 2000
(Invitrogen). Luciferase assays and coimmunoprecipitations were
performed as previously described (Bruneau et al., 2001b). mBop
siRNA (Dharmacon) sequences were sense 5#-UCACAAGAACGAG
UGCGCUTT-3#, antisense 5#-AGCGCACUCGUUCUUGUGATT-3#.
Statistical Analysis
Statistical comparisons were performed by Student’s t test or one-
way ANOVA. p < 0.05 was considered significant.
Supplemental Data
Supplemental Data include two figures and can be found with this
article online at http://www.cell.com/cgi/content/full/123/2/347/
DC1/.
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